During the recent decade, atomic force microscopy (AFM) has attracted much attention as a promising analytical tool for precisely measuring intermolecular forces.
Introduction
During the recent decade, atomic force microscopy (AFM) has attracted much attention as a promising analytical tool for precisely measuring intermolecular forces. [1] [2] [3] [4] [5] AFM can be used to detect the force between its probe tip and substrate surfaces, even at the pN level. It is thus of great importance that there is almost no limitation of the environment and conditions where the AFM force measurements are carried out. Thus, if the AFM probe tip and the substrate are modified chemically with selfassembled monolayers (SAMs) 6, 7 terminating with target functional groups, the intermolecular force in their molecular pairs can be evaluated by force-curve measurements in appropriate solvents by AFM. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] 36 Furthermore, the individual force for a variety of intermolecular forces at a single-molecule level can also be evaluated by statistical analyses of the forces obtained by repetitive adhesion force measurements. [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] 37, 38 In our previous studies, we measured specific intermolecular forces attributable to the characteristic molecular functionalities of the functional molecules, such as crown ether 36, 37 and spirobenzopyran 38 derivatives, attached covalently on the probe tips. These functionalized AFM probe tips, which possess a powerful capability of detecting supramolecular interactions, can be potentially utilized for developing a novel analytical tool for surface analysis based on force sensing by AFM.
In such AFM force measurements, SAMs are often used for conveniently established covalent bonding of the target molecules onto the surfaces of the tip and substrate. Then, the intramonolayer interaction between the components in the SAMs can be expected to affect the force observed by the AFM technique. In other words, the AFM technique could detect such effects as the intramonolayer interaction on the interaction between the tip and the substrate. Intramonolayer hydrogen bonding is crucial in the SAMs of thiols or silanes bearing a terminal functional group, which can form hydrogen bondings between themselves. For example, terminal carboxyl groups in the SAMs of ω-carboxyalkanethiol can easily form hydrogen bonding within the monolayers. [39] [40] [41] [42] The COOH-terminated SAMs, such as thiol and silane, have been analyzed by FT-IR spectroscopy. 44 Especially, in the case of COOH-terminated SAMs, the effect of the intramonolayer hydrogen bonding between the neighboring carboxyl groups in the SAMs had been considered with respect to their surface property, such as wettability 45 and surface acidity (pKa) of the carboxyl groups. [41] [42] [43] In the present paper, we report an AFM force spectroscopic study concerning the effect of intramonolayer hydrogen bonding in COOH-terminated SAMs of 6-mercaptohexanoic acid (MHA) on the adhesion force observed between a SAM of MHA and a phenylurea derivative attached to the substrate and probe tip, respectively.
Urea derivatives have a powerful ability to form hydrogen bondings, since they have two proton-donating groups (N-H) and a proton-accepting group (C=O). Recently, the hydrogenbonding ability of (thio)urea compounds has received considerable attention, and has been utilized to develop highly functionalized novel materials, such as organic gelators, [46] [47] [48] [49] and synthetic receptors for hydrophilic anions, 50 including H2PO4 -, [51] [52] [53] [54] halide, [55] [56] [57] [58] [59] [60] and ATP. 61 It has been reported that the silica nanosphere catalyst, functionalized with a urea derivative (i.e., ureidopropyl group), can activate the carbonyl compound, a reaction substrate for its catalytic reactions, based on the urea's hydrogen-bonding ability. 62 Therefore, we have been motivated to utilize a urea-modified AFM probe tip for measuring the hydrogen bonding force with carboxyl groups in a typical COOH-terminated SAM on a substrate, because the urea compound would be a suitable functionality for directly measuring the subtle hydrogen bonding interaction between the tip and the substrate. Specifically, molecular interaction based on specific hydrogen bonding between them was observed, and its single force was also evaluated by an autocorrelation method. A mixed SAM of MHA with 1-hexanethiol (HT) was prepared for investigating the diluting effect of MHA on the observed forces. The adhesion forces and corresponding single forces between the carboxyl group and the phenylurea moiety were evaluated on a series of MHA/HT mixed SAMs with various proportions of MHA to HT.
Experimental

Materials
6-Mercaptohexanoic acid (MHA) was synthesized by the reaction of 6-bromohexanoic acid and thiolacetic acid, followed by hydrolysis with NaOH, according to the literature. 63 2-(N′-Phenylureido)ethanethiol (PhUET) was synthesized by the reaction of 2-aminoethanethiol and phenyl isocyanate in chloroform in an ice bath for 2 h and for additional 2 h at room temperature. The precipitate formed in the reaction mixture was recovered by filtration, washed with water, and then purified by recrystallization from ethanol.
All of the synthesized compounds afforded satisfactory 1 H-NMR spectra. Ethanol used as a solvent for preparing the SAMs and the adhesion force measurements by AFM was of analytical grade. The other chemicals were commercially available and used as received without further purification.
Chemical modification
The AFM probe tip and substrate used for adhesion force measurements were modified chemically with thiol compounds by a procedure similar to that previously reported. 37, 38 V-shaped AFM cantilevers were commercially available: Si3N4 Type coated with Au/Cr on both sides (k = 0.1 N m -1 , Olympus, OMCL-400PB). Cantilevers were pretreated by immersing into a piranha solution (concentrated H2SO4/28% H2O2, 7/3, v/v) for 30 min for purifying their surface. The cantilevers were then thoroughly rinsed with deionized water.
The cleaned cantilevers were immersed overnight into an ethanol solution containing 1 mM of PhUET.
Au substrates were prepared by the vacuum evaporation (typically 10 -6 Torr) of gold (99.999%, Nilaco, Tokyo, Japan) onto a mica substrate prepared by the fresh cleavage of a sheet (196 mm 2 ) of natural mica (Nilaco, Tokyo, Japan). Then, the gold substrates were immersed immediately into an ethanol solution containing 1 mM MHA. For preparing mixed binary SAMs composed of MHA and HT, mixed ethanol solutions containing both of them were used. The mole ratio of the two thiols in the solution was changed while keeping the total concentration at 1 mM for preparing mixed MHA/HT SAMs with various constituents of them.
65,66
AFM force measurements
Force curves were measured in ethanol at room temperature (ca. 298 K) with a scanning probe microscope (SPA300, Seiko Instruments, Tokyo, Japan). The probe tip and substrate were mounted on the apparatus by using a liquid cell. Typical repetitive force curve measurements were made 50 -100 times at different positions of the substrate for each tip/substrate combination. The value reported for the adhesion force was determined by calculating the average of the values obtained by the repetitive force measurements for each tip/substrate combination. The single forces of the hydrogen bonding were estimated by an autocorrelation method from more than 300 values of the adhesion forces obtained for each combination of the tip and the substrate.
Contact angle measurements
The contact angle of a water sessile drop was measured on mixed SAMs and pure SAMs at room temperature under an ambient condition by a contact angle goniometer (CA-X, Kyowa interface Co., Ltd.). A droplet (1.8 µL) of water was applied to the surface of the Au/mica substrate coated with the pure MHA or HT SAM and the mixed SAMs comprising MHA and HT by using a syringe. The contact angles were determined from the averages of the values obtained by using three drops of water for each sample.
Results and Discussion
Hydrogen bonding force between phenylurea and carboxyl group
We adopted a urea derivative, which possesses a phenyl substituent, for directly measuring the hydrogen-bonding force with terminal carboxyl groups in SAMs by means of AFM, since it is well known that organic urea derivatives have substantially powerful hydrogen-bonding ability. For example, high stability constants of (thio)urea derivatives bearing a variety of substituents with hydrophilic anions, such as H2PO4 -, have been previously reported. [51] [52] [53] [54] Their hydrogen-bonding abilities can also afford their use as organic gelators. [46] [47] [48] [49] A phenylurea-modified tip (PhUET-tip) was used to measure the adhesion force on the COOH-terminated SAM (MHA-SAM) surface. Figure 1a provides a histogram of the adhesion force observed in repetitive force measurements in ethanol. The corresponding result is given in Fig. 1b , obtained from a "blocking experiment", in which the force measurements were conducted in an ethanol solution containing 1 mM H2PO4
-(as tetrabutylammonium salt) as a competitive blocking reagent. Obviously, the adhesion force observed on the MHA-SAM (COOH-terminated) using the PhUET-tip was decreased in the presence of H2PO4 -, which is expected to be a powerful blocking guest for the host phenylurea moieties attached onto the probe tip owing to its highly stable association with the urea derivative, as mentioned above. Thus, the decrease in the adhesion force (Fig. 1b) would be caused by a blocking effect of the competitive guest anion in the measurement bath, indicating that the observed adhesion force in the absence of the anion (Fig. 1a) can be attributed to hydrogen bonding between the phenylurea moieties and the carboxyl groups immobilized on the tip and substrate, respectively. The values of the adhesion force obtained for the tip/substrate combinations showed no recognizable tendency to decrease monotonically with an increased number of measurements. This observation indicates that monolayers of the molecules anchored on the probe tip and substrate were sufficiently stable against their degradation during the repetitive force measurements.
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Similarly, we carried out control experiments of the adhesion force measurement under a similar condition on a substrate modified with the hydrogen-bonding-inert HT-SAM (CH3-terminated) instead of the MHA-SAM. Histograms of the observed adhesion forces are shown in Fig. 2 . In contrast to the MHA-SAM (COOH-terminated), the blocking anion (H2PO4 -) caused no significant decrease of the adhesion forces observed on the HT-SAM. In this case, the force between the tip and the substrate could be caused by a non-specific interaction because of the lack of terminal functionalities showing the hydrogenbonding ability, such as carboxyl groups on the CH3-terminated substrate surface. These results indicate that the effect of H2PO4 -on the adhesion force was characteristic for the combination of the PhUET-tip and COOH-SAM. This sufficiently supports our conclusion that the adhesion force on the COOH-SAM using the PhUET-tip results from the hydrogen-bonding force between the phenylurea and carboxyl groups in the contact area of the tip and the substrate. Although the lack of a long linker in PhUET might be somewhat unfavorable for the formation of hydrogen bonding between the tip and the substrate, because of its rigid immobilization, we can conclude from our experimental data that bond formation can be established even under such a situation. Moreover, in a previous study, direct observation by AFM of specific hydrogen bonding between the complementary DNA bases was successfully attained, in which the target base pairs were immobilized covalently on the tip and substrate without long linkers. 23 
Effect of mixed SAM (COOH/CH3)
We examined the mixing effect of MHA and HT in the SAM on the substrate on the adhesion force using a phenylureamodified tip. In the previous AFM force spectroscopic study on the supramolecular force in the β-cyclodextrin-ferrocene complex, a similar effect of dilution of the guest component in the SAM by mixing with an inert component was investigated. 32 In our system, the mixing of MHA and HT can cause not only the dilution of MHA in the SAM, but also a change in the occurrence of in-plane (i.e., intramonolayer) hydrogen bonding between the terminal carboxyl groups among neighboring MHA molecules.
Binary mixed SAMs of various alkanethiols have already been investigated to a great extent by contact-angle measurements, 6 ellipsometry, X-ray photoelectron spectroscopy, 67 voltammetry of their reductive desorption, [64] [65] [66] and scanning tunneling microscopy. 65, 66 Other previous work dealt with their surface property and the miscibility of two components. 66 MHA/HT mixed SAMs were prepared by a standard procedure using ethanol solutions containing MHA and HT with different mole fractions of them and a constant total concentration of 1 mM. 65, 66 Both components of the mixed SAM used in this study had the same-length alkyl chain, i.e., five methylene units between the terminal groups (-COOH for MHA and -CH3 for HT) and the sulfur atom. The composition of the obtained binary MHA/HT SAMs is discussed in the next section. The adhesion forces were measured on these binary mixed SAMs using the PhUET-tip.
Repetitive force measurements were carried out using an identical PhUET-tip on a series of MHA/HT SAMs with their different mole fractions, in order to eliminate the influence of some deviation in the adhesion force caused by using different tips. The thusmeasured adhesion forces are plotted in Fig. 3 as a function of the mole fraction of MHA in the coating solution used for preparing the mixed SAMs. There seems to be an apparent discrepancy between the average values of the adhesion forces, which are plotted in Figs. 1a and 2a , and the corresponding values in Fig. 3 . Since these values of the adhesion forces were 523 ANALYTICAL SCIENCES APRIL 2006, VOL. 22 obtained from force measurements by different PhUET-tips, this discrepancy in the adhesion forces can be explained by some variation in the contact area between the tip and the substrate caused by the different radius (curvature) of each tip used.
Definitely, the adhesion force changed with increasing the mole fraction of MHA in the coating solution. As can be seen in Fig. 3 , the adhesion force increased with increasing the mole fraction of MHA up to approximately 0.7, and then decreased. The increase in the adhesion force can be ascribed to the increasing number of carboxyl groups in the mixed SAM on the substrate. This seems to raise the frequency for the association of the carboxyl groups and phenylurea moieties, leading to an increase in the observed adhesion force. The subsequent decrease in the force at the MHA fraction of > 0.7 can be explained in terms of the intramonolayer hydrogen bonding of the carboxyl groups in the MHA/HT mixed SAM. It has been reported that intramonolayer hydrogen bonding could form between the carboxyl groups in various COOH-SAMs. 11, 18, 19, 39, 40 It has also been pointed out that the intramonolayer hydrogen bonding in COOH-terminated SAMs shifts the acidity constant (pKa) of the terminal carboxyl group. 11, [41] [42] [43] [44] In such SAMs, possessing the hydrogen bonding functionalities, the terminal carboxyl group could interact with its neighboring groups, and then form in-plane hydrogen bondings within the monolayers. In the case of the higher mole fraction of MHA in our MHA/HT mixed SAMs, the terminal COOH groups in the mixed SAMs can associate with each other to form intramonolayer hydrogen bondings. 43 Such intramonolayer hydrogen bonding can disturb the formation of the hydrogen bonding between the carboxyl groups and urea moieties anchored covalently on the substrate and probe tip, respectively. This could cause a decrease in the frequency for the association of free carboxyl groups and the phenylurea moieties. Assuming the ideal dispersion of HT (CH3-terminated) in MHA (COOH-terminated)-rich MHA/HT SAM and the hexagonal arrangement 6, 7 of the thiolates, the intramonolayer H-bonding network between MHAs is established widely at the MHA fraction of 0.67 (i.e., MHA/HT = 2/1), since the HT molecule is fully surrounded by MHAs. The MHA fraction of approximately 0.7, at which the decrease in the adhesion force occurred (Fig. 3) , appears to be comparable with this MHA fraction, where the intramonolayer hydrogen bonding networks spread. This correspondence could support our explanation of the result shown in Fig. 3 .
Composition of mixed SAMs
The contact angle measurements were carried out on the MHA/HT mixed SAMs for characterizing their surface property. The contact angle of a water droplet on thiol SAMs of the gold substrate is an informative indicator of the wettability characteristic of the SAMs surface. 6, 7, 67 Moreover, the contact angle may be used for a quasi-quantitative determination of the composition of binary mixed SAMs, such as our MHA/HT mixed SAM, in which both components have the same alkylchain length between the terminal groups and the sulfur atom. The contact angles measured on the mixed SAMs using water droplets of 1.8 µL are plotted in Fig. 4 (full circle) as a function of the mole fraction of MHA in the coating solution.
The observed contact angle (θ) monotonically decreased with increasing the mole fraction of MHA in the solutions used for coating. This observation clearly indicates that the more hydrophilic component of the mixed SAM, MHA, is introduced into the SAM, and that the mixed SAM becomes more hydrophilic with increasing its mole fraction owing to its hydrophilic terminal group (-COOH). The contact angle obtained on pure MHA-SAM seemed to be somewhat greater than the values expected for COOH-terminated SAMs, which have already been reported by several research groups. 6, 14 The discrepancy of the contact angles on pure COOH-terminated SAMs may be ascribed to the disorder of MHA thiolate molecules on the substrate due to their short alkyl chains. The disorder of the SAM could make the surface less hydrophilic, leading to such a large contact angle of water on MHA-SAM. 45 This observation indicates that each component in our MHA/HT mixed SAM may be less ordered, and therefore be very similar to the liquid state.
The cos θ values monotonically increased with increasing the mole fraction of MHA in the solutions, as shown in Fig. 4 the MHA/HT SAM could be co-adsorbed equally in its formation process, as expected for such mixed SAMs composed of thiols having a similar alkyl chain length, but different terminal groups. 66 
Single force of hydrogen bonding on mixed MHA/HT SAMs (COOH/CH3)
The single (or individual) forces for various kinds of specific intermolecular forces have been successfully evaluated by AFM force spectroscopic methods. 20, 23, [28] [29] [30] [31] [32] [33] [34] [35] 37, 38 We have evaluated the single force for specific hydrogen bonding between the phenylurea and carboxyl groups by a statistical method using autocorrelation analysis of the values of the adhesion force. In this analysis, an autocorrelation function is computed for the histogram data of the observed pull-off forces. 20, 31 Then, the single force can be evaluated from the period of the calculated autocorrelation function. Figure 5 gives examples of the autocorrelation functions for repetitive measurements of the adhesion forces between the PhUET-tip and MHA/HT binary mixed SAMs prepared by the SAM coating solution at MHA mole fractions of 0.3 and 0.8. Distinct periodicities can be seen in the autocorrelation functions. The periods in the autocorrelation functions were determined to be approximately 48 and 60 pN for the SAM prepared with MHA fractions of 0.3 and 0.8, respectively. These values can be assigned to the single force of the specific hydrogen bonding between the phenylurea and carboxyl groups attached covalently to the probe tip and substrate, respectively. The values for the single force determined here are in a similar order of magnitude to the single rupture forces of the bond in various molecule pairs, 12, 24 including the complementary DNA bases, 23 which were determined by AFM using chemically modified tips. According to the equation E = Fsd, 29, 34 assuming that the distance (d) is approximately 0.1 nm, the product of Fs (the single force) and d affords an approximate bond energy (E) of 3 -4 kJ mol -1 , which is in a reasonable order of magnitude for the energy of general hydrogen bondings.
Furthermore, the effect of the composition of the binary mixed MHA/HT SAM on the single force was examined. Figure 6 depicts a plot of the average value of single forces for each MHA/HT mixed SAM as a function of the mole fraction of MHA in the coating solution.
The periodicity in the autocorrelation of adhesion forces on the mixed SAM with a MHA mole fraction of 0.1 was too uncertain to determine its single force. The average single forces were nearly constant within some experimental error in our force measurements, and were virtually independent of the composition of the mixed MHA/HT SAM. In a previous study, 32 a similar independence of the individual force evaluated by AFM force spectroscopy had been observed for the supramolecular force in the β-cyclodextrin-ferrocene complex.
This finding (Fig. 6) indicates that the dilution of the COOHterminated component, MHA, in the mixed SAM shows no significant effect on the single force of the hydrogen bonding interaction formed between the tip and the substrate. If it is assumed that the degree of the intramonolayer hydrogen bonding between MHAs in the mixed SAM can be ideally controlled by its dilution, the result means that the single force cannot be affected by the intramonolayer hydrogen bonding formed in the mixed SAM. This assumption is based on ideal homogeneity on a molecular level of the MHA/HT mixed SAM. However, Kakiuchi et al. reported that molecular-level segregation of the COOH-terminated component occurred in the binary mixed SAM (CH3/COOH) of 1-undecanethiol and 11-mercaptoundecanoic acid on a Au(111) substrate from its STM observation. 66 Thus, it is suggested that similar segregation of MHA, even at low MHA fractions, can occur in our MHA/HT mixed SAM, in which the two thiols have a shorter alkyl chain length. Taking the possible molecular-level segregation of MHA into consideration, the result given in Fig. 6 can be adequately explained as follows. The observed force is the rupture force for breaking the interactions formed between the tip and the substrate. The intramonolayer hydrogen bonding in the MHA/HT mixed SAM competes with the intermonolayer one between the phenylurea and MHA formed when the tip is brought into contact with the substrate. Thus, if intermonolayer hydrogen bondings are formed, the intramonolayer bonds between the neighboring MHAs, segregated molecularly, seem likely to be broken and replaced by them. Under such a situation, the rupture force of the single intermonolayer bonding cannot be influenced by the competitive intramonolayer bondings, while the probability of the intermonolayer bondings can be diminished by competition. In other words, the intramonolayer hydrogen bonding would have mainly a competitive effect for the formation of intermonolayer bonding between the tip and the substrate. Even though there is this 525 ANALYTICAL SCIENCES APRIL 2006, VOL. 22 The force values for the autocorrelation analyses were obtained from more than 300 adhesion force curves using a phenylurea-modified probe tip on each mixed MHA/HT SAM.
effect on the strength of the single force, it may be too subtle to be detected because of some experimental errors in the force measurements. Clearly, the relationship of the single force with the mole fraction of MHA (Fig. 6 ) was in contrast to that of the adhesion forces on the mixed SAMs (Fig. 3) . The adhesion force observed by AFM force spectroscopy (Fad) can be formulated using the single force (force quanta) (Fs) and the number of bonds formed between tip and substrate (N). In general, the following equation is given:
Namely, the adhesion force observed is governed by the value of the single force and the number of bonds formed. Thus, the result in Fig. 3 can be interpreted by a change in the number of hydrogen bondings formed between the urea moieties and the carboxyl groups at the contact area of the PhUET-tip and MHA/HT substrate, since the single force is independent of the fraction of MHA in the mixed SAMs, as shown in Fig. 6 . The "intramonolayer competition" by the neighboring carboxyl groups in the SAM could cause a decrease in the number of hydrogen bonds formed between the tip and the substrate. This could result in diminishing the probability for the formation of the intermonolayer hydrogen bonding between the phenylurea moieties and the carboxyl groups immobilized on the probe tip and the substrate at their contact. Thus, the phenylureamodified probe tip may be utilized to elucidate the intramonolayer bonding within SAMs composed of COOHterminated thiol.
Conclusion
We measured the adhesion force on COOH-terminated SAMs using an AFM probe tip modified chemically by the phenylurea group, which is a powerful functionality for stable hydrogen bonding, by AFM in ethanol. Specific hydrogen bonding has been observed between the phenylurea and carboxyl groups. The single force of the hydrogen bonding has been successfully evaluated by autocorrelation analyses of the specific adhesion force. The value of the single force has a similar order of magnitude to that of the bond in various molecule pairs 12, 24, 23 determined by AFM. Binary mixed SAMs composed of COOH-terminated MHA and hydrogen-bonding-inert CH3-terminated HT with varying mole ratios of the two components were also used to investigate the effect of diluting the COOHterminated component in the SAMs on the adhesion force. The fraction of MHA in the binary mixed SAM caused no significant change in the single force of the specific hydrogen bonding between the phenylurea and the carboxyl groups in the SAMs, while the corresponding adhesion force changed with the MHA fraction. The dependence of the adhesion force can be explained in terms of the change in the degree of the intramonolayer (i.e., in-plane) hydrogen bondings between the neighboring carboxyl groups. This suggests that the phenylurea-functionalized probe tip used in this study could be utilized for monitoring subtle changes in the hydrogen-bonding interaction in SAMs that are easily influenced by intramonolayer interactions.
Thus, we believe that a functionalized tip with suitable urea derivatives may be a versatile sensing probe for detecting specific intermolecular forces based on their hydrogen-bonding abilities. This direct detection by AFM of the hydrogen bonding force could expand the possibility of AFM force sensing for a versatile analytical tool, since hydrogen bonding is one of the fundamental and significant molecular interactions that widely exist.
